Fatty acid nitration by nitric oxidederived species yields electrophilic products that adduct protein thiols, inducing changes in protein function and distribution. Nitro-fatty acid adducts of protein and reduced glutathione (GSH) are detected in healthy human blood. Kinetic and mass spectrometric analyses reveal that nitroalkene derivatives of oleic acid (OA-NO 2 ) and linoleic acid (LNO 2 ) rapidly react with GSH and Cys via Michael addition reaction. Rates of OA-NO 2 and LNO 2 reaction with GSH, determined via stopped flow spectrophotometry, displayed second-order rate constants of 183 M -1 s -1 and 355 M -1 s -1 , respectively, at pH 7.4 and 37 ˚C. These reaction rates are significantly greater than those for GSH reaction with hydrogen peroxide and non-nitrated electrophilic fatty acids including 8-iso-prostaglandin A 2 and 15-deoxy-Δ 12,14 -prostaglandin J 2 . Increasing reaction pH from 7.4 to 8.9 enhanced apparent secondorder rate constants for thiol reaction with OA-NO 2 and LNO 2 , showing dependence on the thiolate anion of GSH for reactivity. Rates of nitroalkene reaction with thiols decreased as the pK a of target thiols increased. Increasing concentrations of the detergent octyl-β-Dglucopyranoside decreased rates of nitroalkene reaction with GSH, indicating that the organization of nitro-fatty acids into micellar or membrane structures can limit Michael reactivity with more polar nucleophilic targets. In aggregate, these results reveal that the reversible adduction of thiols by nitro-fatty acids is a mechanism for reversible posttranslational regulation of protein function by nitro-fatty acids.
Fatty acid nitration by nitric oxidederived species yields electrophilic products that adduct protein thiols, inducing changes in protein function and distribution. Nitro-fatty acid adducts of protein and reduced glutathione (GSH) are detected in healthy human blood. Kinetic and mass spectrometric analyses reveal that nitroalkene derivatives of oleic acid (OA-NO 2 ) and linoleic acid (LNO 2 ) rapidly react with GSH and Cys via Michael addition reaction. Rates of OA-NO 2 and LNO 2 reaction with GSH, determined via stopped flow spectrophotometry, displayed second-order rate constants of 183 M -1 s -1 and 355 M -1 s -1 , respectively, at pH 7.4 and 37 ˚C. These reaction rates are significantly greater than those for GSH reaction with hydrogen peroxide and non-nitrated electrophilic fatty acids including 8-iso-prostaglandin A 2 and 15-deoxy-Δ 12,14 -prostaglandin J 2 . Increasing reaction pH from 7.4 to 8.9 enhanced apparent secondorder rate constants for thiol reaction with OA-NO 2 and LNO 2 , showing dependence on the thiolate anion of GSH for reactivity. Rates of nitroalkene reaction with thiols decreased as the pK a of target thiols increased. Increasing concentrations of the detergent octyl-β-Dglucopyranoside decreased rates of nitroalkene reaction with GSH, indicating that the organization of nitro-fatty acids into micellar or membrane structures can limit Michael reactivity with more polar nucleophilic targets. In aggregate, these results reveal that the reversible adduction of thiols by nitro-fatty acids is a mechanism for reversible posttranslational regulation of protein function by nitro-fatty acids.
The post-translational modification of proteins by electrophilic products of oxidative reactions has been viewed as a dosimeter of cytotoxicity (1). In the context of tissue inflammation and its resolution, reactions of redox-derived electrophiles are now also emerging as adaptive events induced by the modification of functionally-significant thiols and other nucleophilic moieties of signaling proteins. Endogenous electrophiles include decomposition products of fatty acid hydroperoxides such as 4-hydroxynonenal (4-HNE) and 4-oxo-2-nonenal (4-ONE), which form adducts with DNA bases and nucleophilic amino acids (2, 3) . Additionally, some isoprostanes and cyclopentenone prostaglandins, including prostaglandins J 2 and A 2 and their metabolites, display anti-inflammatory, antiviral and cytoprotective actions that are directly attributable to the electrophilic nature of their α,β-unsaturated carbonyl group (4).
Electrophile-induced signal transduction occurs via a number of thiol-dependent mechanisms. The increased expression of Phase II enzymes and oxidant detoxification mechanisms occur via activation of a cis-acting electrophileresponsive element (EpRE, also known as the antioxidant responsive element, ARE) (5, 6) . Inhibition of nuclear translocation and DNA binding of the transcription factor Nrf2, a critical regulator of EpRE-dependent transcription, is reversed upon electrophile reaction with the thiolcontaining repressor protein, Keap1 (kelch-like ECH-associated protein-1). Keap1 thiol reaction with diverse electrophiles alters association with a scaffold protein Cullen3 to release Nrf2 for nuclear translocation and promotion of expression of Phase II genes (7) (8) (9) , including GSH biosynthetic enzymes (10) and heme oxygenase 1 (HO-1) (11). Gene expression of pro-inflammatory cytokines is also inhibited by electrophiles. For example, electrophilic alkylation of the proinflammatory transcription factor, nuclear factor-κB (NF-κB) modifies critical thiols in the p65 and p50 subunits, in turn suppressing DNA binding and NF-κΒ target gene activation (12) (13) (14) (15) (16) . Fatty acid-derived electrophiles also serve as ligands for receptors activated by the modulation of a critical Cys; for example, 15-deoxy-Δ 12,14 -PGJ 2 (15dPGJ 2 ) binds to peroxisome proliferator-activated receptor-γ (PPARγ), increasing transcription of PPAR response element-regulated genes (17) (18) (19) . Of note, electrophiles also modulate the activities of nervous system targets such as synaptic proteins (20) and the excitatory ion channel, TRPA1 (21, 22) by alkylating critical thiols. This mode of signal transduction is distinct from more traditional non-covalent ligand-receptor interactions that elicit responses by inducing conformational changes.
Nitric oxide (
• NO)-derived reactive species both oxidize and nitrate unsaturated fatty acids, yielding an array of hydroxy, hydroperoxy, nitro and nitrohydroxy derivatives that transduce host defense and cell signaling actions of • NO (23-29). Nitro derivatives of linoleic acid (LNO 2 ) and oleic acid (OA-NO 2 ) have been detected clinically and prepared synthetically, with their cell signaling actions currently being defined. Present insight indicates that nitroalkenes, via cGMP-independent mechanisms, mediate metabolic and antiinflammatory responses as a consequence of their electrophilic reactivity, a potent ability to regulate gene expression and PPAR activation (25, 26, 30, 31) . These beneficial adaptive responses are distinct from the pathogenic actions typically associated with membrane and lipoprotein-derived hydroxy-, carbonyl-and hydroperoxy-containing unsaturated fatty acid derivatives (1). Of exception to this latter precept is growing evidence that adaptive anti-inflammatory signaling mediators are also formed by autocatalytic and enzymatic oxidation of fatty acids. These mediators include the resolvin class of eicosanoid oxidation products (32, 33) , electrophilic cyclopentenone A 2 and J 2 isoprostanes (4) and other omega-3 fatty acid oxidation products (34) .
Recently, it was reported that nitrated fatty acid derivatives potently inhibit cytokine and inducible nitric oxide synthase expression in LPS and interferon-γ-stimulated monocytes by alkylating critical thiols in the DNA binding region of the NFκB p65 subunit (26) . In support of the concept that fatty acid nitroalkene derivatives manifest cell signaling actions via an electrophilic reactivity, proteomic analysis reveals alkylation of nucleophilic amino acids such as Cys and His (35) , not unlike the protein adduction reactions mediated by HNE, ONE, 15dPGJ 2 and 8-isoprostaglandin A 2 (isoPGA 2 ) (3).
Because the nitro group is one of the strongest electron-withdrawing functional groups known (36, 37) , the conjugation of the nitro group with an alkene will confer exceptionally electrophilic properties and support robust Michael addition reactions by nitroalkenes. In biological milieu, such Michael reactions occur as a conjugate addition of nucleophilic centers to the electrophilic carbon β-to the nitro-bonded carbon in the nitroalkene (Figure 1 ) (35) . Evidence of GSH nitroalkylation in vitro and in vivo was obtained from electrospray ionization (ESI)-ion trap mass spectrometric analysis of healthy human red blood cells (35) . GSH conjugates with xenobiotics and cellular electrophiles (35, 38, 39) and reacts with nitrated fatty acids to form, GS-OA-NO 2 and GS-LNO 2 derivatives detectible at 3.3 and 1.3 nM, respectively. Additionally, GS-LNO 2 was detected in cultured MCF7/WT cells, with the in vivo levels of adducts dependent on expression levels of MRP1, an efflux transporter of GSH conjugates. (44) . Collision-induced dissociation (CID) of nitroalkylated GSH and structural analysis by MS/MS/MS affirm that nitroalkenes are bonded to nucleophilic Cys residues (35) . Additionally, protein Cys residues are readily adducted by lipidderived electrophiles (35, 40) . Protein conjugates with nitroalkenes have also been detected in healthy human red blood cells, with specific sites of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) nitroalkylation occurring in vitro and in vivo mapped via matrix-assisted laser desorption and ionization time of flight mass spectrometry (MALDI-TOF MS). Importantly, protein nitroalkylation reactions are reversible by physiologic concentrations of GSH (35) .
Herein, we report the reaction kinetics of nitroalkenes with GSH and Cys, and compare the derived rate constants with reaction rates of other biologically-relevant electrophiles. Determination of second order rate constants provides a concentration-independent proportionality factor for the reaction rate and allows for comparison to other GSH-electrophile reactions carried out under disparate conditions. We observed that fatty acid nitroalkene derivatives react with GSH and Cys via a Michael addition mechanism at bimolecular rate constants exceeding most fatty acid-derived electrophiles.
Experimental Procedures
Materials. Mixed regioisomers of OA-NO 2 and LNO 2 (9-and 10-nitro-9-cisoctadecenoic acid and 9-, 10-, 12-, and 13-nitro-9,12-cis-octadecadienoic acid) were synthesized as prepared previously (24, 27) . The specific regioisomer 9-nitro-9-cis-octadecenoic acid (C 9 -OA-NO 2 ) was synthesized as described (41 (27) . Reactions of nitro-fatty acids with GSH were characterized spectrophotometrically using an Agilent 8453 diode array spectrophotometer (Santa Clara, CA) over a range of 200-400 nm at 20 °C, pH 7.4.
Determination of second-order rate constants. Reactions were conducted on an Applied Photophysics SX-20 stopped-flow spectrophotometer (Surrey, UK) at 37 °C, and the decrease in NO 2 -fatty acid absorbance at 285 nm was monitored over time. Reactions were initiated by mixing the NO 2 -fatty acid (20 μM, pre-diluted in MeOH) with increasing concentrations of GSH (or other thiol-containing compounds, 0-2 mM) in 100 mM potassium phosphate buffer, pH 7.4 containing 100 μM DTPA. In all experiments, indicated reactant concentrations are given as final concentrations achieved after mixing. Apparent pseudo-first-order rate constants were obtained by fitting the reaction progression curves from 0.2 -10 sec with the single exponential function with a floating end point from the curve-fitting algorithm embedded in the Pro-Data software (Applied Photophysics) and plotted against [GSH] . The slope of the line resulting from a linear regression curve fit of the data is equal to the apparent second-order rate constant, k app . Total time for reactions was 10 s. All second-order rate constant data obtained are expressed as mean ± standard deviation (S.D.) and are from three or more independent experiments.
Time-dependent spectral studies. To obtain spectral scans over shorter times (0-2 s), the spectrakinetic setting was used on the stopped flow. Volumes of 5 ml were prepared, and the instrument was set to record reactions for 2 s at each wavelength between 300 and 245 nm. Multiwavelength kinetic data was analyzed using the Pro-Kineticist software package (Applied Photophysics).
Thiol oxidation by H 2 O 2 and electrophilic lipids.
The slower rates of GSH oxidation and alkylation by H 2 O 2 and electrophilic fatty acid derivatives were determined by removing aliquots from a reaction mixture containing non-saturating amounts of GSH (0.388 mM) and excess oxidant/ electrophile (1.3 mM) and then monitoring each aliquot for sulfhydryl content as described (42) . Briefly, samples were incubated at 37 °C with shaking, and aliquots were removed every 60 s. When H 2 O 2 was added to the GSH reaction mixture, remaining H 2 O 2 was removed from aliquot by addition of 10 U/ml catalase prior to sulfhydryl analysis at 412 nm using DTNB (ε = 1.415 x 10 4 M -1 ). For the addition of electrophile to GSH, reactions were stopped with 5x DTNB and immediately diluted into 50 mM Tris, pH 8.0 and analyzed for sulfhydryl content. The equation used to describe the rate of reaction between H 2 O 2 and electrophiles with sulfhydryls was:
where H o and S o represent the initial concentrations of reactant and sulfhydryl, respectively, S is the sulfhydryl consumed after time t, n represents mol sulfhydryl oxidized per mol peroxide and k′ HS is the apparent secondorder rate constant of the reaction. The value of n was assumed to be two for the reaction between GSH and H 2 O 2 , and one for the reaction of GSH with the electrophile (e.g., the formation of the GS-lipid conjugate) (42) .
Results

Spectrophotometric characterization of nitroalkene reactions with GSH.
Fatty acid nitroalkene derivatives display distinctive absorbance spectra compared with native fatty acids ( Fig. 2A) . A characteristic spectrum of LNO 2 in aqueous buffer yields an absorbance maximum at 270 nm due to olefin conjugation with the nitro group (27) , while linoleic acid (LA) does not display absorbance outside the far UV region. Upon the addition of GSH, the absorbance maximum of LNO 2 was blue-shifted, and as the reaction progressed, there was a loss of absorbance at 270 nm and a gain of absorbance at 250 nm for both LNO 2 ( Fig. 2A) and OA-NO 2 ( Fig. 2B ) GSH adducts. When comparing the absorbance spectra of thiol-adducted nitroalkenes (GS-LNO 2 and GS-OA-NO 2 ) with free nitrated fatty acids, there is minimal overlapping absorbance between the spectra of adducted and non-adducted at wavelengths greater than 285 nm. Subsequent studies monitored the decay in nitroalkene absorbance during reaction with GSH at 285 nm, where absorbance from the formation of GS-LNO 2 or GS-OA-NO 2 was decreased. It is assumed that the decay of OA-NO 2 absorbance occurs upon thiol adduction. Spectrakinetic scans show that an isosbestic point for the conversion OA-NO 2 to GS-OA-NO 2 did not occur until 0.2 s (data not shown). Multiple isosbestic points indicating intermediates were not detected before 0.2 sec (not shown).
Kinetic analysis of nitroalkene reaction with GSH.
To study the rate of nitroalkene reaction with various thiol compounds, an integral rate method under pseudo-first-order conditions was used. OA-NO 2 binds to the Cys of GSH with a negligible reverse reaction when no other thiols are present, according to the following equation: to which all reaction progressions were fit to obtain k′. When k′ was plotted as a function of [GSH], a linear response was obtained (Fig. 3B) , confirming that the reaction is first order in GSH. The slope of the secondary plot yielded the apparent second-order rate constant (k obs = k[GSH]) for the reaction of GSH with a particular nitroalkene concentration (Table 1) .
Biological and chemical nitration of unsaturated fatty acids yields an array of regioisomers (28, 43, 44) . There was no significant difference in apparent second-order rate constants for the reaction of GSH with mixed regioisomers of OA-NO 2 and the specific regioisomer C 9 -OA-NO 2 (Table 1) , while the rate constant for LNO 2 reaction with GSH was 1.9 times faster than the mixed regioisomers of OA-NO 2 and C 9 -OA-NO 2 . The rate constants for Cys reaction with both nitroalkenes were ~1.5 times faster than for those with GSH.
Comparison of second-order rate constants. Determination of rate constants for thiol-nitroalkene reactions provides a proportionality constant which allows for reactions to be compared in a manner independent of the concentration of the reactants. The apparent second-order rate constants determined herein show that reactions occur at biologically-relevant rates ( Table 2 ) and similar to a previous report (44) . While some data were obtained from reports where concentrations of reactants may have differed from herein, rate constant comparisons still allow for nitroalkene reactivity to be examined in the context of other biological oxidants and electrophiles.
The reaction of H 2 O 2 with GSH was evaluated at 37ºC and pH 7.4 using an indirect method in which the reaction was assessed by quantifying over time the residual GSH thiol content after oxidant exposure, yielding an apparent second-order rate constant of 2.6 M -1 s -1 (Table 2 ). This value is 1.8 times less than for a previously-reported rate of oxidation of Cys by H 2 O 2 (42), 4.69 M -1 s -1 , and is in accordance with the approximately 1.5 times difference between the GSH and Cys apparent second-order rate constants for reaction with nitroalkenes (Table 1) .
Two eicosanoid derivatives, isoPGA 2 and 15dPGJ 2 , have been reported to form adducts with GSH, albeit in the presence of the catalyst glutathione-S-transferase (47, 48) . To compare non-enzymatically-catalyzed GSH reactivity of nitroalkenes with these lipids, a similar indirect method was used, wherein remaining DTNBtitrateable GSH was quantified over time (as above). The reactivity of both eicosanoids with GSH was 3.7 times less than the rate of H 2 O 2 reaction with GSH (Table 2 ) and ~260 to 500 times less than for OA-NO 2 and LNO 2 reaction with GSH, respectively ( Table 2) .
When nitroalkene reactivity was evaluated by directly comparing the decrease in GSH thiolate availability over time using the same concentrations of products and reaction conditions as for the eicosanoids, a rapid loss of [SH] was observed for OA-NO 2 reaction with GSH. This was not observed for the eicosanoids, highlighting significant differences in electrophilic reactivity (Fig. 4A) . Nearly all GSH thiols were consumed within 60 s upon reaction with OA-NO 2 , with minimal or no consumption of [SH] by eicosanoid derivatives and vehicle control at this time point. This indicates that fatty acid nitroalkene derivatives are significantly more reactive with GSH than electrophilic fatty acid cyclopentenone derivatives.
Another anti-inflammatory electrophile that can form thiol adducts is ethyl pyruvate (EP). This species is derived from pyruvic acid and is effective as a therapeutic agent in sepsis and hemorrhagic shock (49, 50) . Comparison of the reactivity of GSH with nitroalkenes, EP and its derivative methyl-2-acetamidoacrylate (M2AA), again revealed that the OA-NO 2 reaction resulted in rapid loss of [SH] (Fig. 4B) (Fig. 4B) .
The effects of pH on nitroalkene reactivity. The thiolate anion is a far more potent nucleophile than other available biological nucleophiles such as amines, imidazoles, or protonated thiols (52, 53) . This reactivity of thiolate anions with nitroalkenes has been shown to be favored over amine addition at comparable pK a (54) . The Michael reaction between nitroalkenes and GSH presupposes that the thiolate anion of GSH (GS -) attacks the olefinic carbon β to the nitro group of the fatty acid. Therefore, an elevated pH should increase the rate of GSH reaction with nitroalkenes, given that relative concentrations of GS -will be greater at higher pH values (pK a of GSH thiol = 8.8). Determination of the pH dependency of second-order rate constants for GSH reaction with nitroalkenes revealed an exponential acceleration of reaction rate until pH 8.9 (Fig. 5) . The decrease in rate at pH values below 7.4 is not only due to low S -availability, but also a possible consequence of accelerated Neflike nitroalkene decay reactions (52) and decreased solubility of nitroalkene fatty acid derivatives in acidic solutions (not shown). LNO 2 displays a greater relative reactivity with GSH compared to OA-NO 2 at all pH values tested, although the pH profile for LNO 2 reaction with GSH is the same as for OA-NO 2 (Fig. 5) .
The influence of thiol pK a on nitroalkene reactivity. Because the apparent second-order rate constants for the reaction of nitroalkenes with Cys were greater than for GSH (Table 1) , the reactivity of nitroalkenes with low molecular weight thiols having different thiol pK a values was examined. There was a general correlation between the thiol reaction rates of OA-NO 2 and thiol pK a , wherein with decreasing thiol pK a and thiolate availability, there is a decreased apparent second-order rate constant at pH 7.4 (Table 3) . For example, OA-NO 2 reaction with homocysteine (thiol pK a = 8.9) gave an apparent second-order rate constant 1.8 times less than for OA-NO 2 reaction with GSH, which displays a pK (SH) of only 0.1 pH unit less than for homocysteine. Accordingly, the reaction of OA-NO 2 with cysteine methyl ester (pK a = 6.7) displayed an apparent second-order rate constant 1.7 times greater than that for the reaction of Cys with OA-NO 2 . For dihydrolipoic acid (DHLA), assuming that both thiols react with OA-NO 2 at equal rates, the non-transformed value of 26.6 M -1 s -1 obtained by fitting the reaction progressions with the exponential rate function, would be 13.3 M -1 s -1 . Given that DHLA has a very high thiol pK a , a low apparent second-order rate constant for nitroalkene was expected and observed.
Inhibition of GSH adduction by detergent.
To evaluate the effects of micellar organization on nitroalkene availability for GSH adduction reactions, the nitroalkene reaction with GSH was studied over a range of octylglucoside (OG) concentrations that encompass the critical micellar concentration (CMC, 3.5 mg/mL). For concentrations of OG below the CMC, rates of thiol-nitroalkene reaction increased (Fig. 6 ), suggesting that low detergent concentrations may promote nitroalkene solubility. As the CMC of OG is approached, rates of OA-NO 2 and LNO 2 reaction with GSH significantly decreased. At high OG concentrations, the lipid absorbance prior to the addition of GSH was not shifted and was comparable to lipid absorbance at low OG concentrations, indicating that OG additions did not interfere with the ability to follow the nitroalkene reaction spectrophotometrically.
Discussion
In 1988 Talalay and colleagues presciently noted that a common feature of anti-carcinogenic Phase II enzyme inducers was their reactivity as Michael reaction acceptors. These inducing agents were characterized by olefinic bonds rendered electrophilic by conjugation with electronwithdrawing substituents, with their potency as Phase II inducers paralleling their efficiency in Michael reactions (5) . Of note, a nitroalkene derivative (1-nitro-1-cyclohexene) was the most potent inducer of cellular quinone reductase activity reported in this early example of electrophile signaling.
There is now an expanding appreciation of the pluripotent adaptive cell signaling actions by electrophilic products of oxidative inflammatory reactions. These products include electrophilic cyclopentenones (PGJ 2 , A 2 /J 2 isoprostanes), 4-HNE and 4-ONE and other less characterized fatty acid oxidation products. These species all have a capacity to adduct nucleophilic residues of key regulatory mediators of cell signaling, including IκΒ kinase, NF-κΒ p50 and p65 subunits and Keap1 (9, 12) Recently, nitro derivatives of fatty acids have been identified as a class of endogenous cell signaling mediators that a) serve as potent PPAR ligands (24, 27) , b) release
• NO via a Neflike decay reaction (55, 56) , c) induce heme oxygenase-1 and endothelial nitric oxide synthase expression (30, 31) , d) inhibit DNA binding of the p65 subunit of NFκB and expression of downstream pro-inflammatory genes (26) and e) undergo thiol-reversible Michael addition reactions with nucleophilic Cys and His residues (35) . This latter electrophilic reactivity accounts for many of the aforementioned signaling actions of nitroalkenes and was the basis for the present study.
Kinetic characterization of the reaction of nitroalkenes with GSH capitalized on the absorbance characteristics of nitroalkenes and their reaction products. A rapid decrease in the spectral absorbance at 270 nm of LNO 2 and OA-NO 2 occurs upon conjugation with thiols ( Figs. 2  and 3 ). This allows for kinetic data to be gleaned from exponential decay curves, which represent 1) a loss of absorbance due to free, solublized nitroalkene, 2) rearrangement of the nitro group electron conjugation to yield a new absorbance maximum and 3) nitroalkene adduction to thiols. Using this strategy, stopped flow spectroscopic measurement and kinetic analysis revealed there was a greater rate constant for LNO 2 reaction with GSH than for OA-NO 2 ( Table 1 ). The specific site of fatty acid nitration (e.g., the C 9 -NO 2 or C 10 -NO 2 of OA-NO 2 ) was not critical in determining rates of reaction with GSH, as evidenced by the similar reaction rate for the C 9 regioisomer of OA-NO 2 compared with the mixed regioisomer preparation (Table 1) . Because of structural differences between OA-NO 2 and LNO 2 , kinetic analyses of GSH reactions may not precisely reflect relative rates of OA-NO 2 and LNO 2 reaction with proteins. In this instance, steric restrictions dictated by Cys and His microenvironments (i.e., solvent-exposed versus more sterically restricted regions) may also add to the differential intrinsic reactivities of various fatty acid nitroalkene derivatives. The diverse reactivity of thiols suggests that multiple factors can also influence nucleophile reactivity and availability, including structural differences in nitrated lipids, pK (SH) , nucleophilicity, solubility, intramolecular hydrogen-bonding and steric restriction.
Second-order rate constants for nitroalkene-thiol reaction are equivalent to, or significantly greater than, those for other major electrophilic fatty acid oxidation products and biological oxidants (Table 2) . Previous work has shown that GSH reacts with PGJ 2 , PGA 2 , ONE and HNE to form thiol conjugates that in turn can mitigate the cell signaling actions of these species. In contrast with nitroalkenes, thiol adduction by these species is irreversible, thus limiting a dynamic role in mediating cell signaling. Additionally, the role of the above lipids in cell signaling is further muted by the fact that PGJ 2 and PGA 2 require the presence of GSHtransferase (GST) for adduction to GSH. In contrast, nitro-fatty acids can react with thiols at a high rate in the absence of GSTs, highlighting their increased ability to react with in vivo thiolcontaining targets, where GST reactivity would not play a role in conjugation.
Because the thiolate anion is the most potent nucleophilic center in Michael reactions of thiols, the influence of pH on GSH reactivity with nitroalkenes was determined. The apparent second-order rate constant for the reaction of OA-NO 2 and LNO 2 with GSH increased as the pH approached the pK a of the GSH thiol (Figure 4) , with reaction rates relatively constant at pH > 8.9. At pH values lower than 7.2, there was minimal reactivity (data not shown) due to the protonation of the carboxylic acid group of the nitrated fatty acid, which decreased its solubility. Nitroalkenes dispersed in aqueous milieu or polar solvents at low pH values are turbid, likely reflecting micellar distribution, which would sequester the lipid from reaction with more polar thiolate anions.
The apparent second-order rate constant for nitroalkene reaction with GSH was less than that determined for Cys (Table 1 ). The study of thiol pK a on nitroalkene reactivity revealed that, except for an anomalous rate of reaction with penicillamine (a sterically hindered thiol), an inverse relationship between thiol pK a and the value of the apparent second-order rate constant was observed (Table 3 ). The promotion of nitroalkylation by alkaline pH and low thiol pK a values is consistent with both the proposed Michael addition mechanism and the reaction of ONOO -with thiols of incrementing pK a values (46) . It is also possible that the rate constants of nitroalkenes with fast reacting thiols (e.g., the catalytic thiol of peroxiredoxins) may be much faster, as observed for the reaction of ONOO -with tryparedoxin peroxidase (57).
Overall, most thiols and most nitroalkenes, regardless of their specific structures and chemical micro-environments, will be highly reactive with each other. Nitro-fatty acid partitioning into non-ionic detergent micelles and phospholipid liposomes will limit Nef-like reactions that in turn yield
• NO, supporting the observation that nitroalkenes are stabilized by hydrophobic environments (55) . Similarly, the reaction of GSH with OA-NO 2 and LNO 2 was inhibited by the micellar stabilization that occurs upon reaching the CMC of the non-ionic detergent, with a decrease in the k obs for GSH reaction observed for both OA-NO 2 and LNO 2 ( Figure 6 ). This suggests that when the electrophilic carbon β to the nitro group is sequestered in hydrophobic environments, nitroalkenes become less accessible to nuceophilic attack by thiolate anions. Moreover, this implies that esterified nitroalkene derivatives may remain sequestered from many nucleophilic targets until periods of oxidative stress or inflammation promote de-esterification via phospholipase activation or upon disruption of membrane integrity. Thus, membrane bilayers and lipoproteins may act as a reservoir of nitroalkenes that can be released in a regulated manner.
Nitroalkene-induced post-translational modification of proteins affects both biomolecule function and anatomic distribution. Nitroalkylation of proteins promotes membrane association and influences the function of proteins having Cys and His residues critical for structure or catalysis (35) . The nitroalkylation of protein thiols is GSH-reversible, yielding a GSnitro-fatty acid exchange reaction product detectable in healthy human blood (35) and cell culture systems (44) . The extracellular transport of GS-nitroalkene conjugation products can be mediated by the multi-drug resistance protein-1, a reaction that would be expected to mitigate cell signaling actions of nitroalkenes (44) . Finally, nitroalkenes may facilitate S-glutathiolation of protein thiols in the course of exchange reactions, thus further influencing the regulation of structural, transport and catalytic protein function (58, 59 ):
PSH + GS-OA-NO 2 PSSG + OA-NO 2 Protein S-glutathiolation is a functionallysignificant post-translational modification that is enhanced by oxidative stress and also serves as a mechanism to preserve GSH and protect protein thiols from oxidation to less reversible sulfenic and sulfonic acid derivatives (60) . The nitroalkylation of GSH may thus predispose glutathionylation reactions, thereby expanding the spectrum of potential nitroalkene signaling actions.
The relatively rapid kinetics of nitroalkene-thiol reactions, compared with other biological electrophiles, requires additional study to understand the impact of nitroalkenes as signaling mediators. For example, nitroalkenes may preferentially react with target molecules in close proximity to sites of fatty acid nitration, thus possibly diminishing reaction with more remote cellular targets. Greater relative reaction rates with GSH may also promote extracellular efflux of nitroalkenes by the multi-drug resistance protein or other GSH adduct transporters. Future analysis will reveal if this export mechanism also facilitates vascular or lymphatic transport of nitroalkenes to remote organs. The use of biochemical and cellular models will also reveal the influence of GSH transferases on the kinetics of in vivo nitroalkene adduction and trafficking.
An important, unresolved issue regarding the clinical potential of electrophiles as adaptive inflammatory mediators is the influence of their intrinsic reactivities on pharmacokinetics and biodistribution. For example, the electrophilic α,β-unsaturated ketone moiety of 15d-PGJ 2 , other prostaglandins and isoprostanes promotes an adduction with target molecules that is resistant to reversal by biological reductants. This in part accounts for the pM to low nM concentrations typically observed for non-adducted electrophilic lipids. Until quantitative proteomic strategies are developed that support the detection and quantitation of adducted electrophilic lipids, cogent estimates of their bioavailability and signaling actions in biologic systems will be lacking.
In summary, fatty acid nitration reactions yield potent anti-inflammatory products that link the metabolic and immunocompetent state of the host via specific post-translational protein modification reactions that transduce cell signaling events (26, 31, 44, 61) . Nitrated fatty acid species thus merge aspects of redox, nitric oxide and fatty acid signaling pathways in the form of a class of pluripotent adaptive signaling mediators. The kinetically favorable and reversible reaction of nitroalkenes with thiols is central in the posttranslational protein modifications that underlie their signaling actions. Calculated apparent second-order rate constants for the prostaglandins appear in Table 2 . (B) The above experiment was repeated with the electrophiles ethyl pyruvate (EP, unfilled circles) and methyl-2-acetamidoacrylate (M2AA, filled triangles), and compared to the vehicle control (DMSO, filled circles) and OA-NO 2 (unfilled triangles).
Fig. 5. Effect of pH on nitro-lipid reaction rates.
Reactions of GSH (0-2 mM) and OA-NO 2 (0.02 mM, solid circles) or LNO 2 (0.02 mM, unfilled circles) were followed by monitoring the decay of nitroalkene absorbance at 285 nm over a range of pH values, as described in Materials and Methods. For the pH range 7.0-7.5, 100 mM potassium phosphate buffers were used, and for the pH range 8.0-9.4, 100 mM Tris buffers were used. Second-order rate constants were plotted for a range of pH values. Data are expressed as mean ± S. D. from three or more separate experiments. by guest on November 17, 2017 http://www.jbc.org/ Downloaded from
